Abstract -To improve the performances of the parallel 6-axis force sensor with Stewart platform, the paper plots the indices atlases based on the screw theory and the theory of physical model of the solution space, and summaries the laws how the structure parameters affect the indices. Then, the sizable parallel 6-axis force sensor's structure parameters are optimized in nonlinear single objective and multi-objective respectively, in order to obtain better performances than that of the initial ones. So, the powerful basis and method are raised for design and optimization of the sizable parallel Stewart platform 6-axis force sensor with general spherical joint.
I. INTRODUCTION
The Stewart platform, originally proposed for a flight simulator by Stewart [1] has been suggested for a variety of applications [2] [3] [4] . The advantage of the compact design with six degrees of freedom prompts one to consider the mechanism for force-torque sensor application. The parallel 6-axis force sensor is a kind of measure instrument which has the ability of detecting the forces and moments in x, y, and zdirection simultaneously. The 6-axis force sensor has been widely used in the situation of the control of force/forceposition, such as parts teaching, contour tracking, precision assembly, etc. in addition to the applications in thrust testing of rocket engines and wind tunnel [5, 6] .
Performance analysis and optimization design are important during the design of the sensor. There are a lot of literatures available on the design of force-torque sensor. Kerr [7] analyzed an octahedral structure and enumerated a few design criteria for the sensor structure. Uchiyama and Hakomoic studied the isotropy of force sensor [8] . Bicchi [9] discussed the optimization of force sensor. Xiong [10] defined the isotropy of force sensor on the basis of the information matrix. Jin [11] presented the indices design method for 6-axis force sensor used on a dexterous hand. Ranganath [12] studied the performances of the force sensor in the near-singular configuration. Tao [13] optimized the performances of force sensor with finite element method. Theoretical and experimental investigations of the Stewart platform sensor were carried out by various authors, namely Romiti and Sorli [14] , Zhmud [15] and Dai [16] etc. So far, the researchers have obtained many achievements in the field of 6-axis force sensor, but the performances of the sizable parallel 6-axis force sensor prototype based on Stewart platform varies largely in different directions. The further application of the sizable parallel sensor is blocked by the existent performance anisotropy. So, the performance analysis and optimization design is significant to evaluating performances and the conceptual design of the sizable parallel sensor based on Stewart platform. This paper presents the performance analysis and optimization design of the sizable parallel 6-axis force sensor with Stewart platform. The paper is organized as follows. Section 2 presents the static mathematics model of the 6-axis force sensor. Section 3 plots the indices atlases based on the screw theory and the theory of physical model of the solution space, and summaries the law how structure parameters affect the indices. The sizable parallel 6-axis force sensor's structure parameters are optimized in nonlinear single objective and multi-objective respectively in section 4. The paper is concluded in section 5 summarizing the work.
II. STATIC MATHEMATICS MODEL OF 6-AXIS FORCE SENSOR
The Stewart platform 6-axis force sensor is a kind of special parallel mechanism that is symmetrical design. Fig.1 is the sketch of the mechanism and forces acted on the platform. The platforms of the upper and lower platform are shown in Fig.2 and Fig.3 . 
The former three rows of the matrix G is the force transmitting factor of the parallel sensor, while the latter three rows is the torque-transmitting factor. The factors having different unit, which the former is dimensionless, while the latter has length unit, the matrix G is disintegrated into the static force influence coefficient matrix 1 G and the static
The transformational relation between the generalized external force in 6 dimensions and the link's axial force can be given as
where, 1 
III. PERFORMANCE ANALYSIS OF PARALLEL 6-AXIS FORCE SENSOR

A. Physical Model of the Solution Space Theory
The physical model of the solution space theory has the ability to show all possible size combination of the mechanism. It is convenient to obtain the law of the sensor's indices following the changing of the element structure parameters. From the static mathematics model of the force sensor above, the 6-axis force sensor based on Stewart platform contains four structure parameters. That is the radius a R of the upper platform, the radius b R of the lower platform, the height H between platforms, and the angle difference Fig. 4 . Fig. 4 The ichnography of the sensor's spacial model.
The transformation between the coordinates can be expressed as 
Therefore, all possible parameters combination of the 6-axis force sensor based on Stewart platform are included in the triangle ocd. In other words, each point in the triangle ocd corresponds with a set of structure parameters. With the physical model of the solution space theory, selecting parameters and optimization structure design are convenient greatly.
B. Performances Atlases Analysis
The indices evaluating the performances of the 6-axis force sensor are the foundation of the performance evaluating and the optimization design. As for the parallel 6-axis force sensor, it should have high force isotropy, torque isotropy, and force/torque (F/T) sensitivity isotropy, in addition to the high sensitivity, precision, signal noise ratio (SNR) and speedy response. The performances atlases are plotted in the area of the physical model triangle ocd, based on the static mathematics model above and the defining of the performances indices given in the reference [8, 10, 11] . From the sensor's physical model of the solution space theory developed above, the performances atlases varies with the angle ab T . It is unpractical to show all existent performances atlases. Considering the latter optimization design of the structure parameters, the performances atlases are plotted as shown in Fig. 5-8 , when the coordinate system fixed on the center point of the lower platform and
From the influence that the structure parameters act on the sensor's performances indices shown in above Fig. 5-8 , the laws guiding the optimization design can be concluded as, 1) The plot of the force isotropy distributes parabola approximately in the area of the physical model as shown in Fig. 5 . The force isotropy will becomes higher in the middle and lower area of the physical model. The corresponding structure parameters can be selected, when the index of the force isotropy should be attached importance to design. 2) The plot of the torque isotropy distributes beeline approximately in the area of the physical model as shown in Fig. 6 . The torque isotropy will becomes lower in the right side and upper area of the physical model. The corresponding structure parameters should be eliminated, when the index of the torque isotropy should be attached importance to design. 3) The plot of the force sensitivity isotropy distributes beeline approximately in the area of the physical model as shown in Fig. 7 . The force sensitivity isotropy will change rapidly by the x axis in the physical model. The corresponding structure parameters should be eliminated in design. In the upper most area, the index of the force sensitivity isotropy is smaller. 
4)
The plot of the torque sensitivity isotropy distributes parabola approximately in the area of the physical model as shown in Fig. 8 . The torque sensitivity isotropy will becomes higher in the middle part of the physical model. The corresponding structure parameters can be selected, when the index should be attached importance to design.
IV. OPTIMIZATION DESIGN OF SIZABLE PARALLEL 6-AXIS FORCE SENSOR
A. Optimization Objective Function
In the sensor's practical application, the request for the performances indices varies with the practical application cases. Some performance index should be considered principally in some cases, while the comprehensive performance index is pivotal in some cases. The paper optimizes the existing sensor's structure parameters in nonlinear single objective and multi-objective respectively, in order to obtain better performances than that of the initial ones. As the restriction of mechanical special model, the constraint
. (11) The objective functions in the above equation (8)- (11) are the reciprocals of the force isotropy 1 u , the torque isotropy 2 u , the force sensitivity isotropy 3 u and the torque sensitivity isotropy 4 u , respectively. When the objective function reaches the minimum, the corresponding performance index attains the maximum. When the comprehensive performance is pivotal, the multi-objective optimum would be executed to obtain the sensor with the high performances. The corresponding objective function can be expressed as , the optimal performance indices with respect to the comprehensive parameters and the corresponding initial indices are shown in Table 1 . It is obvious that the performances of the sizable parallel 6-axis force sensor are improved. 
V. CONCLUSION
The paper plots the indices atlases based on the screw theory and definition of the performances indices, and summaries the law how structure parameters affect the indices. With the constructed optimization objective functions, the sizable parallel 6-axis force sensor's structure parameters are optimized in nonlinear single objective and multiobjective respectively. The corresponding optimal structure parameters are obtained. So, the powerful basis and method are raised for design and optimization of sizable parallel 6-axis force sensor based on Stewart platform.
